In vivo analysis of mechanical wall stress and abdominal aortic aneurysm rupture risk  by Fillinger, Mark F. et al.
BASIC RESEARCH STUDIES
In vivo analysis of mechanical wall stress and
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Mark F. Fillinger, MD, M. L. Raghavan, PhD, Steven P. Marra, PhD, Jack L. Cronenwett, MD, and
Francis E. Kennedy, PhD, Lebanon, NH
Objective: The purpose of this study was to calculate abdominal aortic aneurysm (AAA) wall stresses in vivo for ruptured,
symptomatic, and electively repaired AAAs with three-dimensional computer modeling techniques, computed tomo-
graphic scan data, and blood pressure and to compare wall stress with current clinical indices related to rupture risk.
Methods: CT scans were analyzed for 48 patients with AAAs: 18 AAAs that ruptured (n  10) or were urgently repaired
for symptoms (n  8) and 30 AAAs large enough to merit elective repair within 12 weeks of the CT scan.
Three-dimensional computer models of AAAs were reconstructed from CT scan data. The stress distribution on the AAA
as a result of geometry and blood pressure was computationally determined with finite element analysis with a hyperelastic
nonlinear model that depicted the mechanical behavior of the AAA wall.
Results: Peak wall stress (maximal stress on the AAA surface) was significantly different between groups (ruptured, 47.7
6 N/cm2; emergent symptomatic, 47.5  4 N/cm2; elective repair, 36.9  2 N/cm2; P  .03), with no significant
difference in blood pressure (P  .2) or AAA diameter (P  .1). Because of trends toward differences in diameter,
comparison was made only with diameter-matched subjects. Even with identical mean diameters, ruptured/symptomatic
AAAs had a significantly higher peak wall stress (46.8  4.5 N/cm2 versus 38.1  1.3 N/cm2; P  .05). Maximal wall
stress predicted risk of rupture better than the LaPlace equation (20.7  5.7 N/cm2 versus 18.8  2.9 N/cm2; P  .2)
or other proposed indices of rupture risk. The smallest ruptured AAA was 4.8 cm, but this aneurysm had a stress
equivalent to the average electively repaired 6.3-cm AAA.
Conclusion: Peak wall stresses calculated in vivo for AAAs near the time of rupture were significantly higher than peak
stresses for electively repaired AAAs, even when matched for maximal diameter. Calculation of wall stress with computer
modeling of three-dimensional AAA geometry appears to assess rupture risk more accurately than AAA diameter or other
previously proposed clinical indices. Stress analysis is practical and feasible and may become an important clinical tool for
evaluation of AAA rupture risk. (J Vasc Surg 2002;36:589-97.)
The decision regarding the time to intervene for an
abdominal aortic aneurysm (AAA) is related to risk of
rupture versus risk of surgery. Surgical intervention is ap-
propriate when the cumulative risk of rupture exceeds the
risk of repair, within the context of overall life expectancy.
The rupture risk for an AAA is clearly related to its maximal
diameter,1,2 but small AAAs are known to rupture.3-5 In
some series, 10% to 24% of the ruptured aneurysms were 5
cm or less in maximal diameter.5,6 The decision regarding
the appropriate diameter for intervention has not been
made easier with the advent of the less invasive endovascu-
lar repair because older and sicker patients may have an
option other than observation.7 In patients with aneurysms
greater than 5.5 cm, more than 50% of aneurysms will
rupture when surgery is deferred because of high operative
risk.2 In this high-risk group, the median time to rupture
was only 19 months for patients with 5.5-cm to 5.9-cm
AAAs and only 9 months for patients with AAAs of more
than 7 cm.2 Recently, large studies have been conducted to
determine whether observation of AAAs with a maximal
diameter less than 5.5 cm is safe.8-10 In an effort to prevent
rupture, these studies used frequent observation, including
ultrasound or computed tomographic (CT) scan every 6
months, with surgical intervention for symptoms, expan-
sion, or growth to 5.5 cm. This resulted in a surgical
intervention rate of up to 60% in the observation group
within several years. Even with a high rate of intervention in
a patient population willing to have frequent and reliable
surveillance, the rupture rate may still be greater than 2%
per year.6,9
Because frequent observation and a low threshold for
intervention will not prevent all ruptures, further refine-
ment of our ability to predict AAA rupture risk is important.
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Morphologic analysis of AAAs with indices of body habitus
have been proposed to better characterize rupture risk11
but have not gained wide acceptance. More recently, a
mathematic analysis of AAA geometry has been suggested
to be a theoretically better way to estimate wall stress and
the risk of rupture. Known as finite element analysis, this
method was first applied to AAAs with analysis of simple
geometric shapes that approximated an AAA in a two-
dimensional model.12 The method has been refined over
time to include theoretic three-dimensional shapes and
later actual AAA shapes obtained from CT data.13-18 Al-
though this method has been interesting theoretically, it
has never been applied to a population of AAAs that actu-
ally ruptured. Some of the methodologic difficulties have
included development of a rapid way to accurately define
the three-dimensional anatomy, creation of an accurate
material model, and procurement of data in an appropriate
patient population. We have refined the technique to make
it better suited to tortuous anatomy and branching of the
aorta and applied it to three populations of patients with
AAAs: AAAs that ruptured, AAAs that needed urgent repair
because of acute symptoms, and electively repaired AAAs.
This technique was postulated to be more accurate for
predicting rupture than the current method on the basis of
diameter alone, indices relating AAA size to body habitus,
or assumptions that AAA wall stress is equivalent to that of
a simple cylinder or sphere of the same diameter.
METHODS
Patient population. This study included patients
with AAA who underwent evaluation for elective repair,
urgent repair of a symptomatic but nonruptured AAA, or
emergent repair of a ruptured AAA. All patients in the
symptomatic group had acute severe pain and underwent
immediate surgery at the time of presentation with the
acute symptoms (no delays of even 12 hours). Patients who
underwent elective CT scanning while asymptomatic but
subsequently had acute symptoms develop (as previously
mentioned) or had rupture within 6 months were included
in the symptomatic or rupture groups, respectively. Most of
these patients (13/18) were patients who underwent elec-
tive CT scanning while asymptomatic, but surgery was
deferred because the aneurysm was not thought to be large
enough to merit repair or because the patient had an
inordinate operative risk. Patients who underwent CT scan-
ning at the time of acute symptoms (5/18) had stable
conditions, and the diagnosis of rupture or even AAA was
in question. All CT scans were obtained in the course of
routine care, and the information was obtained in consec-
utive but retrospective fashion. Thus, no CT scan was
obtained for the purpose of performing stress analysis. CT
scans were obtained between April 9, 1998, and December
29, 2000. Systolic and diastolic blood pressure data were
obtained with review of the patient chart, recording values
for highest, lowest, and mean blood pressures. When blood
pressure data were available over a long time period, values
were limited to the year before elective repair or presentation
with acute symptoms. For the purposes of this study,
maximal peak wall stress occurs at systolic blood pressure.
Before the start of the study, approval was obtained from
the Institutional Review Board (Committee for the Protec-
tion of Human Subjects).
Creation and refinement of the finite element
model. The following tree main components comprise the
stress analysis of AAA: the geometry of the AAA with
evaluation, the material model that characterizes the me-
chanical behavior of aneurysmal tissue, and the boundary
conditions (eg, blood pressure). Prior work in this field has
been limited to theoretic models or small numbers of
aneurysms for three major reasons: 1, technologic develop-
ments in CT scanning that have only made precise three-
dimensional modeling feasible within the last several years;
2, difficulties in segmenting the geometry of all elements of
the aorta and aneurysm wall (necessary for an accurate and
appropriate model) in a time-effective manner; and 3, difficul-
ties in generating an appropriate finite element mesh that will
give reasonable results without computational errors in tortu-
ous anatomy or vessel bifurcations. The first problem was
solved by manufacturers of CT scan equipment within the
past several years, and the other two major problems have
been a focus of our work, resulting in this study.
The details regarding creation and refinement of the
finite element model are somewhat technical, and these
details are found in the Appendix (online only). In brief, the
model used in this study has two major modifications
compared with prior studies. First, a semiautomated pro-
cess from CT scan to refined three-dimensional “mesh” was
created, including quality assurance and multiple human
checks to assure the accuracy of the process (Fig 1). Sec-
ondly, the mesh and finite element model were modified to
include analysis of vessel branch points and extremely tor-
tuous vessels that had produced computational errors with
the previous model (Fig 2).19 This overall semiautomated
process, including the novel mesh refinement algorithm,
has resulted in large time savings and a reduction of com-
putational errors (failure to find a solution or artifacts
causing large stresses at the model boundaries). The human
time input is now on the order of 2 to 4 hours, and the
computational time is also 2 to 4 hours, depending on
human experience and computational hardware. More im-
portantly, the computational issues have been refined so
that failure to find a solution did not occur in this series.
Statistical evaluation. The three groups (ruptured,
symptomatic, and elective repair) were compared with anal-
ysis of variance with post hoc analysis for continuous vari-
ables or contingency table analysis for nominal variables, all
with a standard software program (Statview 5.0, SAS Insti-
tute Inc, Cary, NC). The values are reported as mean 
standard error unless otherwise specified. As per the Uni-
form Requirements for Manuscripts Submitted to Biomed-
ical Journals, the authors (not the sponsoring agency) were
involved in the study design, had full access to all of the data
in this study, and take complete responsibility for the
integrity of the data, the accuracy of the data, and the
accuracy of the data analysis and interpretation and for
writing the manuscript and submitting it for publication.
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RESULTS
Demographics. Demographics were similar in the
ruptured, symptomatic, and elective repair groups. No
significant differences were seen between the groups with
respect to age, heart disease, hypertension history, systolic
blood pressure, diastolic blood pressure, smoking history
(current, former, never), pack-years of smoking, chronic
obstructive pulmonary disease diagnosis, steroid use, renal
impairment (none, insufficiency, dialysis), blood urea nitro-
gen, or creatinine (Table I). The only variable that ap-
proached significance was gender (elective repair, 3/30 or
10% female; versus urgent symptomatic repair, 4/8 or 50%
female; versus ruptured, 3/10 or 30% female; P  .05
without correction for multiple comparisons). The mean
time between CT scan and intervention tended to be
shorter for patients who became symptomatic or had rup-
ture than it was for patients who underwent elective repair
(4.9  2 weeks versus 6.8  1 weeks; P  .2).
Stress analysis. Peak wall stress (maximal stress within
the AAA wall at systolic blood pressure) was significantly
different between groups (ruptured, 47.7  6 N/cm2;
symptomatic, 47.5  4 N/cm2; elective repair, 36.9  2
N/cm2; P  .03), with no significant difference in blood
pressure (Table I) or AAA diameter (Table II). The stress at
diastolic blood pressure was also statistically significant but
not as significant as peak stress. To remove blood pressure
effects from the analysis, the stress at 120 mm Hg also was
calculated for the three groups and also reached statistical
Fig 1. Process of creation of appropriate three-dimensional reconstruction for stress analysis: A, initial surface shaded
three-dimenstional reconstruction; B, elimination of anatomic elements not pertinent to stress analysis (eg, renal
arteries); C, merged three-dimensional reconstruction to obtain outer boundaries of aortic wall; D, initial three-
dimensional mesh; E, refined mesh ready for input into finite element program; and F, stress analysis with stress mapped
onto surface of three-dimensional reconstruction with color gradients to represent stress gradients.
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significance. Of the calculations related to stress, however,
peak wall stress seemed to most clearly differentiate be-
tween electively repaired AAAs and ruptured/symptomatic
AAAs. The peak wall stress in 90% of the ruptured and
symptomatic AAAs was higher than the peak wall stress of
the average electively repaired AAA (Fig 3).
Comparison with diameter-matched control sub-
jects. Because of nonsignificant trends toward smaller di-
ameters in AAAs undergoing elective repair, a comparison
was made with only size-matched subjects (eliminating all
elective repairs5 cm and all ruptures8.4 cm, so that no
bias occurred in matching). Because stresses were nearly
identical in the symptomatic and ruptured groups, they
were combined to simplify this portion of the analysis. Even
with identical mean diameters (both groups, 6.6  0.2
cm), ruptured/symptomatic AAAs had a significantly
higher peak wall stress (47  5 N/cm2 versus 38  1
N/cm2; P  .05).
Comparison with simple LaPlace method. Because
of a nonsignificant trend toward higher blood pressures in
the symptomatic and ruptured groups, the analysis was
extended to determine whether a simplified LaPlace equa-
tion also might show a difference in diameter-matched
control subjects (according to clinical teaching that wall
stress is proportional to diameter  blood pressure). Peak
wall stress calculated with finite element analysis was more
strongly associated with symptomatic or ruptured AAAs
than the simplified LaPlace method, both in terms of
Fig 2. Effect of improvement of mathematic model to include branch points. A, When aortic bifurcation is not
included, high stresses can occur at boundary that could be artifacts, creating dilemma on whether to include stress
information from this region. B, When aortic bifurcation is included in mathematic model (same AAA shown in A), that
high stress near boundary in A is artifact becomes clear. Note that top end of scale is different in each illustration
(maximal stress is always designated in red, no matter what peak value).
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statistical significance and absolute magnitude of the differ-
ence (simplified LaPlace: ruptured/symptomatic, 20.7 
5.7 N/cm2; versus elective, 18.8  2.9 N/cm2; P  .2).
Comparison with other indices. Morphologic anal-
ysis of the AAAs also was carried out with previously
proposed indices for refinement of rupture risk, including:
(maximal AAA diameter)/(diameter of the infrarenal aor-
ta), (maximal AAA diameter)/(diameter of the suprarenal
aorta), (maximal AAA diameter)/(diameter of the suprace-
liac aorta), (maximal AAA diameter)/(transverse diameter
of the body of the third lumbar vertebrae [L3]), (maximal
AAA diameter)/(AAA length), and AAA three-dimen-
sional volume.11,20 None of these indices showed statisti-
cally significant differences with diameter-matched control
subjects (Table III). With comparison of all patients, only
(maximal AAA diameter)/(transverse diameter of the body
of L3) was statistically significant (elective 1.4  0.05
versus symptomatic 1.7 0.09 versus ruptured 1.5 0.08;
P  .03). The proposed threshold for the AAA/L3 index
(1.0) suggests that all but two patients in the entire study
were at high risk for rupture (including 11 of 13 patients
with AAA diameter 6 cm). In comparison, with the
lowest stress level associated with symptoms or rupture (34
N/cm2 in a patient with a 7-cm AAA), all five of the AAAs
with symptoms or rupture at less than 6 cm would be
predicted to have high rupture risk, but only six of the 13
electively repaired AAAs less than 6 cm would be thought
to have a higher-than-usual risk of rupture.
Equivalent stress. To develop a parameter that would
be more clinically intuitive than aortic wall stress, the
concept of equivalent stress was developed. The regression
equation correlating diameter and stress was calculated for
the symptomatic/ruptured group and for electively re-
paired AAAs. With this method, the actual stress could be
translated into the equivalent diameter of a typical AAA
undergoing elective repair. For example, the smallest rup-
tured AAA was 4.8 cm but had a stress equivalent to the
average electively repaired 6.3-cm AAA. The peak wall
stress for the ruptured/symptomatic AAAs with maximal
diameters less than 6 cm was 40 N/cm2, which is the
Fig 3. Box plot compares maximal aortic wall stress for ruptured/
symptomatic AAAs with electively repaired AAAs. Rectangles rep-
resent 25th to 75th percentile of data, horizontal bar within
rectangle represents median of data, and short horizontal bars
outside rectangles represent 10th and 90th percentiles of data. Any
values below 10th or above 90th percentiles are shown as solid
circles.
Table I. Demographics
Variable Elective Symptomatic Ruptured P value
Age (years) 69  3 76  2 76  3 .4
Female gender 3/30 (10%) 4/8 (50%) 3/10 (30%) .05
Heart disease (known) 19/30 (63%) 4/8 (50%) 4/10 (40%) .4
Hypertension 20/30 (66%) 4/8 (50%) 4/10 (40%) .3
Systolic BP (mm Hg) 131  2 141  5 142  11 .2
Diastolic BP (mm Hg) 79  2 84  2 83  6 .6
Smoking history 26/30 (87%) 7/8 (88%) 9/10 (90%) .9
Pack-years 43  11 30  19 61  16 .6
COPD diagnosis 12/30 (40%) 3/8 (43%) 4/10 (40%) .9
Steroid use 2/30 (7%) 0/8 (0%) 1/10 (10%) .7
Renal impairment 2/30 (7%) 2/8 (25%) 2/10 (20%) .3
BUN 20  1 16  5 24  19 .4
Creatinine 1.1  0.05 1.1  0.2 1.3  0.4 .5
BP, Blood pressure; COPD, chronic obstructive pulmonary disease; BUN, blood urea nitrogen.
Table II. Stress analysis data
Variable Elective Symptomatic Ruptured P value
Peak wall stress (N/cm2) 36.9  1.6 47.5  4.4 47.7  6.5 .03
Wall stress at diastolic BP (N/cm2) 22.4  0.9 27.4  2.2 27.5  3.4 .05
Wall stress at 120 mm Hg (N/cm2) 32.2  1.4 38.0  1.6 38.0  3.0 .05
Diameter (cm) 6.1  0.2 6.8  0.3 6.9  0.5 .1
BP, Blood pressure.
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equivalent stress of the average electively repaired 7-cm
AAA. Aneurysm wall stress could not be discerned simply
with a look at the shape and size of an aneurysm (Fig 4).
Morphology and location of rupture. The location
of maximal stress in this series was not at the site of maximal
AAA diameter but rather in the posterolateral location
where most ruptures occur.3 For cases where the site of
rupture was known definitively with inspection (n 3), the
location of maximal stress correlated with the site of aneu-
rysm rupture. For cases where the site of the rupture was
known generally (n 3, with CT scan or operative report),
the site of rupture was consistent with the location of
maximal stress. In the other four cases, no data about the
site of rupture could be obtained.
DISCUSSION
Current methods of determination of AAA rupture risk
are useful but could clearly be improved. This study indi-
cates that a noninvasive in vivo analysis on the basis of actual
AAA shape and patient blood pressure may be superior to
maximal diameter alone. Moreover, the technique de-
scribed here also appears superior to traditional teaching
about the simplified LaPlace equation (blood pressure 
diameter) or indices of body habitus that have been de-
scribed previously. The only previously described index
that showed any significance was the maximal AAA diame-
ter/transverse diameter of the body of L3. As suggested by
Ouriel et al,11 this index appears superior to other indices of
body habitus or native aortic diameter, but it also appears to
be too sensitive to be of substantial clinical value (and it
failed to distinguish high risk aneurysms with diameter
matched control subjects). Of course, some of the compar-
isons may not have shown statistical differences because the
patient numbers were insufficient or because comparisons
were performed with AAAs large enough to merit elective
repair. Nonetheless, this stringent comparison is likely the
best way to determine whether a proposed index will be
clinically useful. The fact that stress analysis shows statisti-
cally significant differences with a relatively small patient
population is encouraging. If stress analysis is to be used
clinically, the concept of equivalent stress appears to be a
useful index because clinicians know how to counsel a
patient with the equivalent stress of a 7-cm AAA but would
have difficulty counseling a patient given the data that the
maximal AAA diameter is 5.5 cm and the peak wall stress is
40 N/cm2.
Medical management of patients with aneurysm may
ultimately be aided with wall stress analysis (eg, lowering
blood pressure in patients who are at poor surgical risk).
Clearly, hypertension was a factor in the high stress on some
of the aneurysms in the symptomatic and ruptured groups.
Peak wall stress results from an interaction between sys-
temic factors (including blood pressure) and anatomic fac-
tors, such as diameter and shape. Currently, the blood
pressure is the only factor that is within the control of the
patient and clinician. Efforts are currently being directed
toward modifying other biologic factors, such as use of
doxycycline to reduce aortic wall degradation by reducing
the expression of matrix metalloproteinases.21,22 Doxycy-
cline (or an analog) may become an option for patients with
AAA who are not surgical candidates, but large clinical trial
results are not yet available.
Surgical decision making also may be aided with stress
analysis. For example, the wisdom of elective repair for
AAAs less than 5.5 cm has been questioned.10 However,
the study by Greenhalgh et al10 indicates that more than
60% of patients with 4-cm to 5.5-cm AAAs will need
surgery in less than 6 years. Even with excellent patient
participation, frequent ultrasound scan surveillance, and a
fairly low threshold for surgery in this trial, a significant
percentage of these AAAs will still rupture.6,9 Moreover, in
some AAA populations, more than 30% of patients will not
comply with scheduled follow-up visits, increasing the im-
portance of the decision made at the first evaluation.23 For
small aneurysms, stress analysis might lower the risk of
rupture by improving the timing of surgical intervention
and simultaneously decreasing the frequency of surveillance
in patients at lower risk. A better measure of rupture risk
also might improve the cost effectiveness of surgical inter-
vention, which is already cost effective in young fit patients
with AAAs less than 5.5 cm.24,25 Clinical management is
also difficult in frail and elderly patients with aneurysms
larger than 5.5 cm, who are generally at high risk for
rupture but also at high risk for death from other causes.2,7
Operating on all of these patients will result in a substantial
number of unnecessary procedures, but deferring operation
Table III. Comparison with diameter-matched control subjects
Index
Elective
(n  20)
Ruptured or symptomatic
(n  16) Difference P value
Maximal AAA diameter (cm) 6.6  0.2 6.6  0.2 0 .9
Peak wall stress (N/cm2) 38.1  1.3 46.8  4.5 23% .05
LaPlace (maximal diameter  SBP) (N/cm2) 18.8  0.6 20.7  1.4 10% .2
Maximal AAA diameter/infrarenal aorta diameter 2.9  0.1 2.8  0.2 –3% .8
Maximal AAA diameter/suprarenal aorta diameter 2.8  0.1 2.8  0.1 0 .8
Maximal AAA diameter/supraceliac aorta diameter 2.5  0.1 2.5  0.1 0 .7
Maximal AAA diameter/transverse diameter L3 1.5  0.05 1.57  0.05 5% .4
Maximal AAA diameter AAA length 0.7  0.04 0.6  0.05 –14% .1
AAA volume (mL) 218  17 269  37 23% .2
SBP, Systolic blood pressure.
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because of high operative risks results in a large number of
ruptures (more than 50% of these patients will die from a
ruptured aneurysm).2 Decision making is also more diffi-
cult for women, in part because the relationship of aneu-
rysm size to body habitus is different from men. Women are
three times more likely to have AAA rupture during surveil-
lance,6 and women are also at higher risk for mortality after
elective repair.26 The only demographic variable that ap-
proached statistical significance in our study was gender
(Table I), and it is interesting to note that all of the women
in our study had high AAA stresses, including two of the
three women who underwent elective repair.
Despite encouraging results, this study has limitations.
Blood pressures can fluctuate substantially in any patient, and
in some of the symptomatic patients, the only available blood
pressure was at the time of symptoms. This raises the question
of whether the acute symptoms caused hypertension or
whether hypertension caused high aneurysm wall stress that
led to acute pain. Most blood pressures were recorded when
the patients were asymptomatic, however, and stress was
higher even when controlling for blood pressure. Selection
bias also exists in that we could not analyze stresses on rup-
tured AAAs in patients whose conditions were not stable
enough for a CT scan. It would seem that this would bias
against finding a significant difference, however, because it is
logical that the patients with the highest stresses might have
the most catastrophic ruptures. Also, the results are similar
when the analysis is limited to patients who were asymptom-
atic at the time of CT scan but in whom symptoms or rupture
developed within a short time frame.
Fig 4. Comparison of stress analysis for two AAAs. A, Aneurysm at top of figure is 4.8-cm AAA that ruptured within
1 month of CT scan. Other aneurysm (B) is 6.7-cm AAA that was electively repaired. Calculated stresses at 120 mm Hg
are shown for both AAAs (not actual blood pressures), so differences in stress are solely caused by differences in
three-dimensional shape.
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Several opportunities exist to refine our stress analysis
methods. Currently, the analysis uses the average wall
thickness measured in a series of 69 patients.27 The varia-
tion in wall thickness is small, such that varying thickness
and other material properties to the 95% confidence inter-
vals will only affect peak stress by 4%. Nonetheless, estima-
tion of wall thickness on the basis of anatomic variables,
such as age, gender, and ratio of the AAA diameter to
lumbar vertebrae, might further improve the ability of the
analysis to distinguish high risk aneurysms. Obviously, not
all aneurysms ruptured at the same stress. This is because of
differences in wall strength, which is not addressed in this
study. Work is currently underway to estimate wall strength
and refine the analysis further. Other opportunities to
refine the model include: better stress models and material
models with regard to thrombus and calcium (which are
currently contained within our standard three-dimensional
model but not yet used in the stress analysis), serial mea-
surements for patients undergoing observation, and assess-
ment of biologic activity (such as matrix metalloprotein-
ases) that might reflect future dynamic changes rather than
a static measurement in time. Our laboratory is currently
working on most of these issues, but the literature for some
of these issues are currently contradictory (eg, clinical and
finite element work suggests that thrombus may decrease
AAA wall stress,28,29 have no effect,30 or increase AAA
expansion/rupture risk31,32). It should also be pointed out
that investigations into issues such as wall compliance and
matrix metalloproteinases have not yet provided a good
noninvasive index of rupture risk.33,34 Matrix metallopro-
teinase–9 is different in the wall of ruptured AAAs, but thus
far, serum markers have yet to prospectively distinguish
AAAs at high risk of rupture.34,35 Ultimately, however, a
model incorporating genetic, biologic, and biomechanical
aspects of AAA pathophysiology may be the ideal.36 De-
spite all of these opportunities for improving the stress
analysis, we are encouraged by the fact that the current
model already appears to be statistically better than cur-
rently used clinical methods.
Although these results are preliminary, there are none-
theless some appealing aspects to potential clinical applica-
tion of this technology. Risk stratification with this method
is noninvasive, so the risk of the study should not be a
deterrent to patients or clinicians. Intravenous contrast is
not necessary for the stress analysis, so more expensive
magnetic resonance imaging/magnetic resonance angio-
graphy studies are not necessary for patients with renal
insufficiency (although the technology could be used with
magnetic resonance also). At this point, analyis of data at
multiple time points for each patient does not appear
necessary (although this may prove valuable also), so deci-
sions can be made within a relatively short time frame. The
biggest impediment to clinical use is that the method is
currently somewhat time and labor intensive, but most of
the software used to create and display the stresses is already
commercially available and many of the processes are at
least partially automated. Lastly, the use of stress values is
not intuitive to the clinician. This problem may be solved
with a proxy for stress, such as the equivalent diameter,
which is clinically intuitive and simple to understand.
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APPENDIX, ONLINE ONLY
Details regarding creation and refinement of the finite
element model
Creation of an accurate three-dimensional model.
Data regarding the precise geometry of the AAA must be
obtained to estimate stress on the AAA wall in vivo. CT scan
data of the abdomen and pelvis were used to reconstruct
the three-dimensional geometry of the AAA on a computer
workstation with software specifically developed for this
purpose (developed in collaboration with Medical Media
Systems Inc, West Lebanon, NH).37,38 CT scans were
obtained with a spiral CT scanner with a conventional
protocol that would allow for high-quality three-dimen-
sional reconstruction. The main requirements were: 1, a
beam thickness (collimation) of 5 mm or less with a pitch
(ratio of table speed to beam thickness) of 2 or less; or 2,
collimation of 7 mm or less with a pitch of 1. Because only
the outer wall had to be reconstructed, intravenous con-
trast was not necessary for the CT scans. In each case, the
reformat interval was 2 to 2.5 mm. These parameters were
chosen on the basis of an analysis of CT scan datasets at
2-mm, 4-mm, and 10-mm reformat intervals, which re-
vealed that a 10-mm reformat interval results in artificially
low wall stress calculations because of averaging over a
thicker CT scan slice that smoothes out areas with rapidly
changing diameters. CT scan data were stored electroni-
cally to avoid manual scanning of hardcopy images or other
degradation of the data. Patients with CT scans that did not
meet these criteria were not included in the study.
The three-dimensional reconstruction starts above the
renal arteries and continues to the distal iliac or femoral
arteries. The specialized reconstruction software is used to
identify the boundary of the regions of interest (aortic wall,
contrast-enhanced lumen, calcified plaque, and noncalci-
fied thrombus or atheroma) at each cross section on the
basis of the CT scan density of these structures.38,39 With
definitions based on density, the structures are automati-
cally segmented for inclusion in the three-dimensional re-
construction. Because the human eye remains superior to
computer-automated edge-detection techniques, manual
reviews are conducted to verify and ensure that the semi-
automated edge detection is correct. Current fully auto-
mated three-dimensional reconstruction techniques are not
adequate for this step because of ambiguities between
thrombus and surrounding structures.39
Mesh creation and refinement. Next, with standard
triangulation techniques and the known thickness of each
axial CT scan cross section, three-dimensional surfaces are
generated along the boundaries. Because the current finite
element model uses only the outer boundary information,
the individual elements of the aortic wall are combined to
obtain a single three-dimensional reconstruction of the
normal proximal aorta, AAA, and iliac bifurcation. Thus,
the outer boundary is created as a distinct three-dimen-
sional surface in the form of a mesh—thousands of discrete
points on the AAA surface called nodes, connected by
thousands of triangular elements. A typical three-dimen-
sional mesh in this study contains 3000 to 4000 nodes and
6000 to 8000 elements. This process also was refined
iteratively to produce an adequate number of nodes to
estimate the true stresses without producing an excess
number of elements that would unnecessarily slow the
process (mesh independence). The mesh obtained from the
reconstruction software is not yet refined enough for use in
a finite element model, so a conversion program was devel-
oped to detect elements in the mesh with inappropriately
severe angles or other features that would create computa-
tional errors.19
The conversion algorithm first assesses the mesh quality
and categorizes the elements on the basis of a distortion
metric (ratio of polygon area to the sum of the square of the
edges). The algorithm then removes the lowest quality
polygons and proceeds iteratively with repeated assessment
of the mesh after each iteration. The iterations continue
until all elements in the mesh conform to a specified quality
criterion. Heuristic analyses were performed with actual
AAA models to determine the optimal criterion for refine-
ment to effectively eliminate artificially severe angulations
without oversimplification, which could inappropriately re-
duce high stresses. The mesh refinement software thus
creates an improved three-dimensional mesh that is ready
for input into a commercially available finite element soft-
ware program for further analysis. Fig 1 shows the entire
process, including the initial surface shaded three-dimen-
sional reconstruction, the elimination of the anatomic ele-
ments that are not pertinent to the stress analysis (eg, renal
arteries), the combined three-dimensional surface, the ini-
tial mesh, and the refined mesh.
Material model. With fundamental principles of me-
chanics and the finite element method, one may numeri-
cally compute the wall stresses, despite complex asymmetric
geometry or nonlinear material models. The material
model is the set of equations, referred to as the constitutive
equation, that characterizes the intrinsic three-dimensional
relationship between force and deformation for the AAA
wall tissue.
Traditionally, the theory of linearized elasticity is used
for most engineering materials, but it is not an appropriate
model for these tissues because they can undergo large
strains (20% to 40%) before failure.16,40 The model used to
calculate aortic wall stresses in this study is therefore based
on a previously described isotropic hyperelastic nonlinear
model. This finite element model currently assumes a uni-
form wall thickness of 1.9 mm, on the basis of the average
wall thickness measured in a series of 69 patients,27 which is
the largest series reporting AAA wall characteristics to
date.27,40,41 The overall model used in this study has two
major modifications compared with prior studies. First, a
semiautomated process from CT scan to refined three-
dimensional mesh was created, including quality assurance
and multiple human checks to assure the accuracy of the
process (Fig 1). Secondly, the mesh and finite element
models were modified to include analysis of vessel branch
points and extremely tortuous vessels that had produced
computational errors with the previous model (Fig 2).19
Calculation and output of results. Once the appro-
priate patient-specific three-dimensional mesh is created, it
is input into a commercially available software program for
finite element analysis (ABAQUS v 5.8, Hibbitt, Karlsson
and Sorensen, Inc, Pawtucket, RI). The three-dimensional
polygonal surface mesh was modeled as an ABAQUS S3R
shell element mesh with five shell section points and a
uniform thickness with the material model described previ-
ously. Boundary conditions are set with the blood pressure
and displacement constraints on the proximal and distal
edges of the model as described previously. For the pur-
poses of this study, stresses were calculated at systolic blood
pressure, diastolic blood pressure, and mean blood pres-
sure. Peak wall stress occurs at systolic blood pressure by
definition. Although the typical stress components were all
calculated, the results reported here (at all blood pressures)
are for what is known in engineering terms as maximal
principal stress. The results are extremely similar for maxi-
mal von Mises stress, which also produced statistically
significant results. To avoid confusion, the values reported
here for peak wall stress are for maximal principal stress
only. On completion of the finite element analysis, the
mathematic solution (stresses over the three-dimensional
surface) is transferred to a commercially available display
program (Tecplot v 7.0, Amtec Engineering, Inc, Bellevue,
Wash), which displays the color-coded stresses in standard
three-dimensional views (Fig 2). The distribution of maxi-
mal principal stress is calculated and displayed for each
element of the entire AAA wall (Fig 2), but to simplify the
text and avoid confusion for nonengineers, peak wall stress
will hereafter refer to the highest recorded value of peak
wall stress for the entire AAA surface.
